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A HOT-WIRE CIRCUIT WITE VERY SMALL TIME LAG
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By John R. Weske

SUMMARY

A circuilt for a hot-wire anenometer for the msasure-— .
ment of fluctuating flow is presented in the present re- - o =
port. The principal elements of the circuit are a ‘Wheat-— S
stone bridge, one brendh of which 1é the hot wire; and an ~
electronic amplifier and a current regulator for the bridge
current which in combination maintain the bridge balance
conetant. Hence the hot wire is kept at practicolly con-
stant reslstance and temperature, #Ad the time lag caused =~
by thermal inertia of the wire is thereby reduced

Through the addition of a nonlinesr amplifying stago
the reading of. the instrument has been rendered Propor -
tional to the velocity: wL e _ TLems i~

- _ R
- - e = el 0 e ¢

A discuss1on of certnin characteristics ‘of the cir-
cuit and the results of related calibration tesfe are'
given. R . L . . _ e S '

- EEe T meemw———ar L o

INTRODUCT I ON S

The circuit presonted in the _presont report is the
result of work conducted since January 1940 at Case School
of Appliled Science in connecticn with a research pro;ect
sponsored by the Kationsal Advisory Gommittee ‘FoF Aeronat-
tics, at the Gradumte School of EBngineering of HAarvard
University where the basic idea was evolved in August
1940, and at tho National Bureau of Standards where staff
menbors of the Aerodynamics Section testéd the circull )
and suggested varlous impréveménts. Special acknowledg-
ment is due Mr. Ernest R. Jervieg of East Orange, N, J.,
who designed the original wiring Ceru1t, suggested tho
use of the various electronic devices, snd propossed’ s6lu~
tions of numerous electrical probléms. An ipprovendnt of
the original circuilt designated eirfcuit I was designed
and tosted by Hr.. LK. R. Xantrowitz of the NACA ané 1is in-
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cluded in the report as circuit.II. Mr. Kantrowltz also
suggosted the method dilscussed herocinafter for callbrating
the bridge for alternating-current unbalance

THE CIRCUIT

The hot-~wire circuit consists of the following princi-
ral elements: )

(a) a Wheatstone bridge, one branch of which 1e
formed by the hot wire

(v) a regulating circuit far the bridge current in-
cluding g battery and one electronic valve

(c¢) an electronic direct-alternating-current ampli-
fler operatéed by slight variations of the un-
balance of the bridge and contrelling the cur-~
rent regulator, .

Three forms of the ecircuilt, which:appear to have certain
merits and are therefore presented herewlth, were evolved
in the course of the development.

Circuit I (fig. 1) was found to operate satlisfactori-
ly at frequencieg below 2000 cycles; =%t higher frsquen-
cies, the compensating action is impaired by the capaci-
tances of batteries By and By, with respect to ground,
which produce shunting of the plate reslstances R5 and
RE6, respectively.

In circuit II (fig. 2), the shuntin.. capacltances
have been reduced and the resvonsge of the lnstrument has
been theredby extended to higher frequenciles, although
this conditlion increased the number of batteriles required.

In the besioc circuit III (fig. 3), small neon tubdbes
(reference 1) are used to couple succesgsive aumplifier
stages. This circuit 1s simpler than circuite I snd II,

The basic eircuit III, or any of the basic circults,
may be provided with an additional amplifier stage, also
shown in figure 3, and through this ccmbination it is
possible. to obtaln readings proportional to the wind ve-
locity past the hot wire. This propertional charactor-
istic is obtained by operating certain eclectrénic tubes

-
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which have been feund sultable fer the purpose in the non~
linear range of its characteristic. The additional stage _
is thorefore referred to as the "nonlinear amplifier stage."

The circuit constants are given for circuits I, II,
and III in table I. T

PRINCIPLE OF OPERATION

If certain dynamic effects dlscussed later are neg-
lected, the operation of the basic circuit can be explained
as follows: The circult is assumed to be operating at a
ziven condition of equilibrium, Then a disturbance, such
as may be produced by a change of veloclty past the hot
wire occurs, causing a variation of resistance of the hot
wire and consequently a variation of potential between
points (2) and (4) of the bridge (£ig. 1). This electric
impulse 1s transmitted and ampllfied by the amplifier '
sta es. A variation of the potential between grid and
1ng variation of the hot-wire current is the result. The T
resistance of the hot wire.is thereby varied in such a way
as to counteract the original dlsturbance, and & hew conu-

.dition of equilibrium is established. "By proper cholce

of the amplification ratlo of the amplifier it is possidble,

within certaln limits imposed Dby tube characteristics and
sbtabllity of the circuilt, to make the difference between

the hot-wire resistance of the orlginal and the new posi~

tion of equilibrium very small, &muﬁ ’ ;Fx e - T

In addition %o the reduction of fluctuation of hot-
wire resistance, there is & corresponding reduction of the
time laz of response to varistion of the condition of op-
eration, provided the effect of capacitances in the cir-
cuit is also kept small. This provisicn is necessary be-
cause the magnitude of the time lag depends both upon the
residual thermsl inertia of the wilre and upon the effect
¢cf such capacitances.

Hot-wire readings with this circult are obtained by
measuring directly the heating current or by messuring a
quantity proportional to it, such as the grid voltagze of
the current~regulator tubes with respect to the ground.‘"

"In order to obtain a reading linear with velociiy, use
is made of an addltional amplifier stage_operated in a
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range.-of its charactoristic, in which the exponent of tho
variation of plate curreant with grid potential, expressod
in exponontial form, is equal to tho reciprocal of the ox-
ponent rolating variations of heating curront and of vo~
locity past the hot wire. Tubes, such as those listed in
table III, were found %o have a suiltabdle rango in which
stable oporation may be obtained, When adjusted for lin-
earity between roading and velocity, the circult may bo
cxpected to momasure the mean veloeclty of fluctuating rec-
tilincar floew.

If, instead of mean velocitles, moan rates of momon-
tum of fluctuating rectilinoar flow aro to be measurcd, a
nonlinear amplifying stago adjusted to glve a reading pro-
portiounal to the square of the veloclty may be expectod to
glve tho dasgired roadings.

CHARACTERISTICS OF OPKRATION AND CALIBRATION TESTS

Variation of Eeating Current with Veleclty

If constant roesistance of the hot wire, or zero rate

~of increesse of heat ebergy in‘ﬁhe wire %%'= 0 18 assumed,
the balance of encrglss supplied to-and dlssipated by the
hot wire may be expressed by King s equation (refgrences 2

and 3).

12 = Lé-% (x + ¢./7). _' (1)
where
i . ingpantnneous'heafing cﬁrﬁent-
R resisthnce of wire {maintained constant)
T temperature of wire (maintained cons£ant)
T air'temﬁerabufe
v "dnstentaneous wind velocity

k(D T ) ratec of heat Yoss from wire by ra&inticn and froe
convecechtion -

C JV(T~T0> rate of heat loss from wiro by forced convection

of air stream at speed V
14
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A circuit, shown in figure 1, was calibrated by ‘meag~
uring the heatlng current over a certailn range of alr ve-
locities. Several rune were made with various heating
currente 1, af zero speed. The hot wire used in these
tests was a tungsten wire 8.6 mlcrons in diameter and 5
millimeters long.

The resultes are shown in figure 4, in which the
square of the heating current 12 has been plotted against
the square root of the velocity +V. These experimental
data are in qualitative agreement with equation (1). The
opsrgtion of the circult was stable throughout ﬁhe range
tested, -

Over-All Transcenductance of the Circuit

Response of the circuit %o variations of veloclty and
o0 fluctuating velocity may be snalyzed by lnvestigatlng
the over-all bransconductance“of tha circult.

The over-all transconductance gp is defined as the

ratio of variation of heat current of the wire 1 to ' -
varlation of unbalance gof.tho bridge- - e.

._.o0i
gm < 3o

Since the branch cn the bridge parallel to that containing

the hot wire has a resistance appreximately. 100 times that

of the ho%t wire, the bridge current may be considered ’EB
equal to the heating current of the wire withoutb incurring

an gppreciable srror.

The over-all tyansconductance is ziven by the equation

Ty, Th k; Kp
i 3
Em < U’l Mo Zn - (2)
3 I‘pl .'L‘_.p3 (l"'ullBl) (l"'p’gtsg) .
where
gm over~all transconductance

gms transconductance, 34 or current-regulater stags

W amplification ratio
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Ty load redistance -

rp Plate reslstance -

k. ratio of stage -amplification with neon-tube-coupling
loss to stage amplification with zero-coupling
loss (K 1s defined later)

Wt effective stage- amplification ratio

B feedback factor

Subscripts 1,3, ***-° refer to let, 24, .... stage, re-
epectively.

.

The investligation has been carried out for a basic clr-
cuit, shown in figure 3. It is appllcable generically,
however, to the other two cilrcults as well.

In analyzing the over-all transconductance the follow-
ing effects, which will be discussed in detall, have been

considered:
{(a) The coupling loss through the neon-tube coupling

(b) The loes of amplification from the potential dif-
ference across the reslstance T, of the

bridge.

(c) - The effsrt of alternatinra current unbalance of
the bridge

(d) The effect of-direct-current unbalance of the
bridge e o

(e} The effect of interelectrode capacitances

Coupling loss through neon-iube coupling.—_It can ‘be .

shown that the coupling loss through ‘neon-tube coupling
(fig. 5(a)) may be expressed through the factor

This loss may be kept small by choosing the grid-leak re-
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slstance 2 large as compared with the load resistance
ry, of the‘previous stage. With the data for circuit III

(fig. 3), this factor has a value of Xk = 0,89 for the
first amplifier stage.

In order to provide againet 1nstébility that nmight
originate in the neon tube, an additional resisiance T

and r,, for the first and secound stage, respectively

(fig. 3), may be inserted to produce a voltage-divider
affect. -

The loss of gmplification from the -potentigl differ.
ence scrogs the resistance rx of the bridge.- It 1s seen

that as the bridge current i ihcreases duwe to an lncrease
of grid voltagze of the current-regulator stage °g. (fig.

5(b)), point 4 of the bridge becomes more negabtive with

respect to point 1, and consequently there is a éorrespdnd-
ing decroase of the voltage ©g - If : ) :
3

La - . . o - ~

it =1

and if the effective transconductance, defined by

gy ! = ey . ai
- L - w,' Ba de g,
where ) ;
€m3.= BAZZ,4 and 9g3:= Aés;4 - 5; 1 N im
is-introduced, then . o
1 ' ng

' TTEE e, =

and the feedback factor for the:qurrentnregulgﬁor_stage.is

1 1
1 ~p' B, 1 + Ts &m,

For the circult constanfs'of c;rcuit ITI,
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r = 30 ohms
'gm = 7000 micromhos for one tube and

14,000 micromhos'for two tubes

it has the value

—3x - 0.826 and 0.705, respectively.
l+r, 8m,

The sffect of alternating-current unbglagnce of %the
pridge,~ Alternating-current unbalance may be caused by
inductances or capascitances in the individual Dbranches of—
the bridge. In general, their wvalue can be kept low by
appropriate design, ®xcept for the capacitance of the
shlielded hot-wire leads, the length of which depends upon
the distance between the hot wire and the instrument.

Thelr capaclitance is of the nature of a dilstributed capac-
itance. In certain cases it may be compensated for by
placing the resistance r; on leads of the same kind and

of equal length as the hot-wire lesds, provided that this
arrangement doee not affect the fesdback of the current-
regulator stage discussed in the precocding section. The
effect of capacitances or inductanrces in the four branches
of the bridgeo may be taken into account through a reduced
capacitance C,.o3 parallel to the hot wire, since it will
be seen that—the residual thermgl inertia of the hot wire
may bo treated llke an electrical capacitance in comput-
ing the circuilts It appears possible to compensate for
the reducod capacitance by a variable condenser. If this:
condenser 1s placed parallel to r,, 1its capacitance noced
not be large and 1t 1g possible to usge an air condenser.
Locating the compensating condensar parallol to rz; ap-
pears to be preferable to its alternative position paral-
lel %o r; Dbecause in the former case 1t will not affect

the feedback of the current-regulator stage.

Any rosiduml reduced capacitance causes a foedback
that 1s gilven by

e 1.
R (chred + ﬁ) -1

r /ij + 1Y 4 1
3 red R)

W' = (r3 + R) gm' {(4)
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This foedback; 1f negative, results in Targe? phase lag,
if positive, tends to decrease the phasse lag, as shown

-qualitatively by gurves b and ¢, respectively, oF -

figure 6. This feature may be used to calibrate and cem—

~pensate the brldge for alternating-current unbalance. _ -

The effect of direct—-current unbglance of the bridge .-
For the purpose of determining the effect of direct-current _
unbalance of the bridge, the varimtion of the hot-wire ré- )
slstance with heating current is disregarded and the bridge
is assumed to be unbalanced by the amount Ar (fig. 5(c)§.

A current i" +then produces a potentlial

R it
g = Ar 1

on the grid of the first amplifier stage. The same current

produces, between points 1 and 3 of the bridge, the poten-
tial . . s . Comam m—— o -
oy = 17 (r, +_ra)
The ratio of-these_two_pot;ntials is - )
6 = o€ AT - - )
€q ' ¥, t+ g T
This ratio leads to a feedback factor TR o )
. . . (r. + R) L -
R . B! = pr —B—i"t g P . (5)

Ty *ra:

Throuzh vériation of unbélénce of the bridge it is
possible to produce regenerativg,-ieggnerative, or R&rC T e

(fs'i R} R e
feedback by making 1 -~ Ar ~——— g,', respectively,
r, + Irs

larger thaﬁﬁ.spailer_thag,_o:_equal to unity.
S vy +E
In the case of regenerative feedback (1 - Ay ———
; S
gm').< 1, oscillations resembling relaxzation oscillations
arise.in the circuit. As the amplitude of these oscilla-
tions exceeds a certain value, the bridge current 1s ob-
served t0 vanish to zero. With regenerative feedback due
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to bridge unbalance, the circuilt was -found to be too unsta-
ble to use. .Stable operation is possible for a limited rango

r, +R
of dogenorative foedback for whioh (1-ar TN gm|> > 1.

-

Although it appears possible that the clrcult may be opor-
ated at. zero feedback Ar = 0, tests have shown that at
thls condition it 1s excessively sensitive to outside dis~
turbances. The amount of negative feedback affects the
over-all transconductance of tho cirecuilt and the ratio of

transconductance 2t zero feodback to transconductanco with
fcedback is l+ 5 - Mesaguroments of this
r
1 - AI‘ _— gm'. : R
T, + Ty .

offect were made at the Hational Burcau of Standards and
curves of the. typo of figure 5(d) woere ebtained. From ox-
pericnec with the instrumont, the techniquo wae developed
of operating the instrument at a bridge unbalance Aes = ~ 2
millivolts which remained eessontlially constant at all con-
dlitions of normal operation,

Ag tho unbalanocc .of the bridgo was increased toward
the regenerntive side, the circuit would perform high-
fregquency osclllations of a large amplitude.

The eoffect of intorelectrode capacitances.- If ro-
sponse %o hlgh-frequency velocity fluctuations 1s dosired,
it 1s-necoessary to kceep all capaclitances st a low valuo.
Thedo Llow values may be attained %o some sxtent through
proper dosign of the circult. The effeect of intoercloc-
trode capaclitance of the tubes, howevor, unless componsat—
ed by special circults, places cortain limitatlions upon
the magnitude of the lead resistances of the amplifior, as
can be socen from the following calculation:

Interoclectrods capacitnncos of the first amplifier
stage of circuit III (IK5 tubes)

10 mlicromicrofmarads

Outonut =

Input, 24 stage ‘= . 3 micromicrofarads

Tot=ul .. = 13 mlcromicrofarads
Load resistance . T, = 0.25 megohmg

. 1 . . :
Assume 18,000 cycles 5%* = °~ 0.8l5 megohnms
. . l ‘

Ratio of amplification 0.25 = 0.915

J/<o}és I (5T%T§>a
170

Phase lag =
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Over=sll trapnpgconductance.- The value of the ever-all
transconductance of cilrcuit III for variatieons of zero free
quency and noglecting feedback from bridge unbalance was
computed as follows:

lst stageizd stage aad_stage
Transconductance, dhos ‘ 480 480 2X7000
Load resistance, megohms 0.25 | 0.25
Grid-leak resistance, megohmg 2.5 I' 1.5
Grid-leak loss " 0.91 | 0.86
Anplification ratio 109.2 1103.2
Foedback factor 1 0.705
Uver-all transconductance at
zoro frequency, mhos 112

aGurrent—regula’cor stage.

This compubted value agreos very well with the measurod valuc.
Characteristics at highor frequoncies are discusséd in a
later section.

The Time Constant

For constant-reesistance operation, the heating current
varies as follows: . .

-

i=1,(1 - gg" (B - R :(6)

where

i° heating current at zero air velocity o
R resistance of heated wire st zero valaéiéy'

R instantaneous resistance of hot wire

gm' transconduetance of circuit
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The timé constant for consfant-resistance operation is
“given by Dryden (reference 3) as

M = 4.2 m s(R ~ Ry) ‘ 1l _ (7)
i2 R, Ry « g.'(R - RIR.
1+
L

where
m mass of hot wire -
s specific heat of—metal of hot wire
R, resistance of hot wire at temperature of ambient air
R, resistance of hot wire at zero temperature
o temperature coefflclent of resistivity-

for values qf the transgeonductance attalnable with the com-—

pensating circuilt

(R - Ry) R

2e," - >>1 (8)

a

hence eguation (7) may be simplified to read

M = 4.2 m g ] . B (9)
5 et
21®% g.' R R, o

The time lag mey be computed from valuwes for the quantities
‘appearing in equatisn (9) chosen in accordance with hot- * |

wire technliaue as follows:

Material of hot wire . . . & « . . « & + .« « . . nickel
Mass density of wiré, p, grams per cuble centi-

MELOY v 4 o v v ¢ 4 4 e e e e e e e e e e ey 8.85
Length of wire, !, «centimeter . . . . . . . . . 0.835
Diameter of wire, 4, microns e & e e e e e e . -'12.7,

e dcir”

Specific heat, s, ecalorie per °C 0.1032




MACA Technidal N¥ote H¥o, 881 13

Heating current, 1,, ampere . . . . . . . . .« . 0.05
Transconductance of circuit, gy', mhes . . . . : 106
Resistivity, r, microhms at% 202 C . v v e 7.8
Témpefature of wire, E. 90 B 315

Tempersature coefficient of resigtivity, o . . . O. 00537

Time constant, M, 56Cond . &« « « o o« o « « « o 42X1L07°

Effect of Time Constant ufon Amplificatian
and Phase Lag
The time constant decreases the amplitude and causes

s, phase lag of the electrical impulse as compared with the
true signal corresponding to the velocity fluctuation (ref—

eronce 4). . . ?
. © .
The ratio of amplitudes at frequency n = P and at
zero freguency is
—__Egﬁ__h : : (10)
WA LT )
and .the phase 1&* is glven bv
pan™t (M w) L : (11)

Numerical values for the docrcase of amplitude and the
pligse lag computed for circuilt ITI are as follows.'

Agsume n = 5000 cycles, then w = 31,400

For M = 42 X 107° gec:

Ratio of amplitudes = 0,61

Phase lag = 42.5?“ o o : T
The results of calibration tests.of"these quentities are

given in figure 6 for the decrease of amplitude of re-
sponse for the phase lag. These results were obbtained for
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frequencies up to 8000 cycles, which wag the highest that
could be produced with the harmonic-wave generator. The
signal was imposed upon the circuit across polnte 1 and 3
of the brildge. Phass lag was measured by impressing the
signal upon the sweep clrecuit and the grid voltage of the
current-regulator stawge upon the ordinate of a cathode-ray
oscillograph.

Further calibration tests of rednonse over a range of
fregquencles were conducted in which .the signal was produced
aerodynamically instead aof elactrically. The apparatus
uwsed for this purpbse (see figs. 7 and 8) was dsveloped
for the calibration of hot wires in fluctuating flcw of
large amplitude. It makes use of the directional charac-
terlstles of the wire.

In this device, the hot wire 1s mounted on a shaft,
which may -be rotated throughout a wide range of speeds,
~nd placed into an air strenm, The amplitude of the fluc-
tusrtilong -produced as the wire rotates in the alr streoam
may bae varied from O to nearly 100 percent of the velocity
of the air . through increase of theo angle subtendad by the
axos of tho alr jet . and tho rotating shaft from 0% $0 90°

The oscillograph records (fig. 9) were abtained with
the cnlibrating devicoe proviously described. They wero
recorded with 'a General Electrio osclllcgraph, after ampli-
fication of the output signal of the hot-wire instrumcny
in a apecial . current amplifier, The hot wire was a tung-
sten wirc 8.6 microns in diamoter and 1/4 inch long. Its
axls of rotation, which is at right angles to the axis of
the wire, was placed normal - to the air Jet.

The frequencles recorded on flgure 9 renge from 0 to
480 cycles per sccond and 540 cycles per second, respoc-
tively. In both cases the instrument begins to respound
at approximately 40 cecycles por sccond. No measurable do-
crenso of anplitude of the fluotuatiens occurs betwoon
thts thrashold froequency and the maximum frequoncy rocorded.
Extension of tho tests to higher froquencles wae impoesi-
blo bocnuse of limltations of the spcod of the motor driv~
ing the hot wire, whose maxinun speod was approxinatoely
18,000 rpn, The fluctuations recorded at zero spesd of ro-
tation of the hot wire are duc principally to the turbu-
lenco in the air strean and possibly in parb to microphon—~

ic effects,.
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It is bellieved thot the lower limit of -response 1is
not causced by the hot-wiro circuit, whiech inhorently ro-
sponds to variestions of zero frequency, but rather by the
apparatus used for amplifying and recording.

Stability, Microphonic, and Thermionic Sensitivity
At very large amplifications of the output signal of

the circuit, with the hot wire placed in a small confined
gspace of air to reduce convection, an oscillmrtion 6% a fre-
quency of approximately 1800 cycles could be observed.
This oscillation appesrs superimposed uPon the impressed
osclllations of f£rom 40 te 150 cycles but is not apparent®
nt higher frequencies. The origin of this frequency is
tresced to the feedback feature of the compensating circuilt.

The amplitude of this oscillation in many cases doos
not exceed a few porcent of the amplitude to be medsgured;
furthermore, it may be reduced by adjustment of the bdbridge
balance. It appears to become smaller as the resistance
of the hot wire is increased. Further investigation into
the nature and causes.of this oscillation are confemplated.

Investigations at the National Bureau 6f Standards
had disclosed that the instrument possessed a pForcunced.
microphonic response arising in the tubes of the ampli-
fier and also in the nonlinear amplifier stage. While no
,Measurements have been made yet of i1ts magnitude, Hhis
sensitivity has bPeern reduced greatly by cushioning ths am-
plifier tubes, Turther reductions areé helieved possibdle
by’ sefecting from commercial .tubes o6f the .Fype used those
of lowest sensitivity; by replac¢ing the tubes used at the
present time with types having the directly heated cathsde
but sturdier construction’ . afthe zrid; by using tubes with
indirectly heated cathode; or by substituting special
tubes avallable with specified low microphonic sensitivity,
such as are. manufactured by the!'Wésgtern Eléetric Company.
Information available for the special tubss with specified
low mlcrtophonic 'sensitivity aleo incdludes ratings for ther-
mionic sensitivity, and it is noted that for fubes of Tow-~
est microphonic responese the thermionic sensitivity is

only a small fraction of that for the ‘other types mentliened.

|
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Calibration of Linearity of the Instrument
Showﬁ'in Figﬁre 3

It was found that the exponent by which the reading
is related to the velocity can be adjusted rzadily to unity
by varying the bias of the nenlinear amplifz.ay stage. The
exponent was found to be constant over & sufiiciently wilde
-range . of velocities, Results of @ calibration test arec
glven in figure 10. _

Directional Calibration of the
- Directional Characteristics

Hot~wilre readings of the instrument with linear char-
acteristic taken at constant velocity dut varying angle of
incidence between direction of flow'and het wire are plot-
ted in flgure 11. The figure also shows in daot-and-dash
lines the 'sin curve, and it ie seen that the calibration
curve {fig, 11) displaced a fow degrees follsws this sin
curve with reasonab]e approximation, except in the range
from 0° to 6° angle of incidence. It can be stated that
the hot-wirc instrument measures the component of velecity
in the transverse planse of the wire. This characterlstic
of the hot-wire instrument wmay be used for determination of
the volocity vector from readings with hot wires placed
. approximately at right angles to each other, Furthermore,
simultaneous measurement with two hot wiree may be adapted
to the direct determination of the instantmwnequs and maean
rate of momentum of flow of fluctuating velocity and dl-
rection,

CONCLUSIONRS

Compengating circuits ,for operation. of the hot wire
‘at essentlally constant resistance were found to respond
to fluctuations of velecity over -a wide range of frequen-
cies Including aperiodic changes of velocitles.

Inasmuch as constant-resistance gpreration estabdlished
a definite relation between heating current and wind ve-
locity, it is possible through the addition of a noenlinear
amplifier stage o obtain a linear relationship between
ipstrument reading &4nd winyd velocity.




TACA Technical Fote No. 881 17

Auantitative investigatlion shows that response anld
phase lag are still affected by the residual thermal in-
artis of the wire and by capacifahces in the circuit, and
that this cffect may not bc neglectod at high frequencios.
Thore is, furthermore, a tcndoncy to oscillations from in-
stability and a sconsitivity to micrcphonic disturdancos.
Invostigation of the circuit charactoristics appoars %0
show, howsver, that theso effocts may bo reduced by con-
ventional tochnigue.

hLorodynamics Laboratory, )
Case School of Appliod Scicnco, =
Cloveland, Ohio, April 1942. .
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TABLE I.. GIRCUIT CONSTANTS
Gonstant| Circuit I | Circuit II Circuit III

T INGGT 6036 o IN5GT

Ts INGGT 36c8e . INSGT

T, 6Y6G 6Y6 : ISAGGT or 6BT

Te - T 6I7 ; 6Y66

G -12.5 to 12.5 pa;5000 chms

Co l 25 micromicrofarads )
(Microamperes)

4, | 0O to 200" ' "T’ . 0 to 200
Ay | - 0 to 100
(Volts)

B, 1.5 ' 135
Bs 1.5 1.5
Bg 30 90
B4 90 : 90
Bg 90 : : : .. 90
Bg | 1.5 - L _— 1.5
B, 90. - 1.5
Bg 135 Bl
Bg ! 6 1.5
BJ.O i 6 !
o (Ohme)

R1 + Re| 2,500 : oo boo o 5,000
R, 30 30
By {10,000 10,000
Rs b5 - b
Reg b1 60,000
R, {50,000 "L ba,5
Rg 75 -
Rg 150 . 50,000
Rio - 750,000 -
Rqyg ‘ 750,000
Ria 10,000
Ris . : ; b,15
Riq, f 50,000
Riys 25,000
Ris [
R, 150

&In one shell, ' ' I -
bieagured in megohms.

LS
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Figure 3.~ Hot-wire circuit II.
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Figure 3.- Hot-wire circuit JII with additional stage for linear reading.

io= 35 ma

5 T . _am
.. ;; I ]
o Lol

30 ma

A

10 - 12 ' ' =_
ﬁ- e ____‘_" i L

Figure 4.- Variation of heating current with veloclty and wire temperaturs.
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(&) Neon-tube cougling of the amplifier
of circult III.

AR

2o

—0
Gria

, 8 Amplifier

Cathode
e

(c) Effect of direct-current unbalance
of the bridge.

Fig. b

,Amplifier

©

(b) Effect of the potential scroas
the bridge resistance Rz upon
the id voltage of the current
regulator stage.

e

AR

{(d) Variation of transoonductance of the
circuit with the direct-current un~
balance of the bridge.

Figure 5.- Details 4f the hot-wire ocircuit.
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Figure 6.~ Variation of amplitutde of response and of phase lag with frequency for cirouit 1II.

Figurs 7.- Schematic drawing of the calibrating device for large amplitudes using the di-
rectional characteristics of the wirs, -



Figure 8.- Photograph of the calibrating device showing the hot-wire holder
and sliding contacts in the insert to the left.
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FMgure 9.~ Oscillograph record of the dynamic calibration test.
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Figure 10,— Oalibration curve for linear characteristic.
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Figure 1ll.™ Directlonal charscteristics of the hot wire-oirouit with linear readings.



